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PLANT CONTROL DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This is a national phase application based on the PCT
International Patent Application No. PCT/JP2012/071863
filed Aug. 29, 2012, the entire contents of which are incor-
porated herein by reference.

TECHNICAL FIELD

The present invention relates to a control device for a
plant, and more particularly relates to a control device that
corrects a target value of a control amount of a plant by using
a reference governor so that a constraint that is imposed on
a state quantity of the plant is satisfied.

BACKGROUND ART

An ordinary plant control device is configured to deter-
mine the control input of the plant by feedback control so as
to cause the output value of a control amount to follow a
target value when the target value is given in regard to the
control amount of the plant. However, in actual control of
the plant, various constraints are often present in hardware
or control in regard to the state quantity of the plant. If these
constraints are not satisfied, there is a concern of occurrence
of breakage of the hardware and reduction in the control
performance. Satisfiability of constraints is one of important
performances which are requested in control of the plant, as
well as followability of the output value to the target value.

A reference governor is effective means for satisfying the
above described request. A reference governor includes a
prediction model which is obtained by modeling a closed
loop system (a feedback control system) including a plant
which is a control target and a feedback controller, and
predicts a future value of the state quantity on which a
constraint is imposed according to the prediction model.
Subsequently, the reference governor corrects the target
value of the control amount of the plant based on the
predicted value of the state quantity and the constraint
imposed on the state quantity.

What is considered as important in design of the reference
governor is the content of the evaluation function for use in
calculation of a corrected target value. If consideration is
given to only satisfiability of the constraint, various evalu-
ation functions can be adopted. However, depending on
what evaluation function is used to determine the corrected
target value, the following characteristic of the output value
to the target value of the control amount significantly
changes, and the transient response characteristics of the
output value to the change of the target value of the control
amount also significantly changes. Especially in the case of
the plant in which the response characteristics vary in
response to the operation conditions as in the internal
combustion engine for an automobile, the transient response
characteristics of the output value to the change of the target
value of the control amount significantly vary depending on
the operation conditions. To enable favorable transient
response characteristics to be achieved while satisfying a
constraint is an important problem for a plant control device,
in particular, a plant control device the control target of
which is a plant in which the response characteristics change
in response to the operation conditions.

As an example of the prior art which applies a reference
governor to the control of a plant, the prior art disclosed in
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2

Patent Literature 1 as follows can be cited. The prior art
relates to tension control of the rolled steel material in a
multistage rolling mill. In the prior art disclosed in Patent
Literature 1, the target orbit data specifying the temporal
change of the tension of the rolled steel material is calculated
in advance by the reference governor, and the tension of the
rolled steel material is controlled based on the deviation
between the actual tension value of the rolled steel material
and the target orbit data. However, in this prior art, the
control target is not a plant in which the response charac-
teristics change in response to the operation conditions, and
calculation of the target orbit data by the reference governor
is performed offline. Therefore, even if the prior art is
applied to the plant in which the response characteristics
change in response to the operation conditions, the prior art
cannot solve the problem of achieving favorable transient
response characteristics while satisfying a constraint.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent [Laid-Open No. 2010-
253501

Patent Literature 2: Japanese Patent [.aid-Open No. 2010-
084523

Patent Literature 3: Japanese Patent [Laid-Open No. 2004-
270657

SUMMARY OF INVENTION

The inventor of the present application performed earnest
study on what evaluation function could solve the above
described problem. Then, as a result of comparing and
examining various evaluation functions, the inventor of the
present application has found out that the evaluation func-
tion which will be described next is the optimal evaluation
function to the reference governor of the plant control
device. The evaluation function is the evaluation function
which is expressed by an objective function with a corrected
target value candidate as a variable, and a penalty function.
The penalty function is configured to add penalty to the
objective function when a predicted value of the state
quantity on which a constraint is imposed conflicts with the
constraint. The objective function is configured so that the
smaller the distance between the original target value and the
corrected target value candidate is the smaller value the
objective function takes. It has been confirmed that accord-
ing to the evaluation function, favorable transient response
characteristics can be achieved while the constraint which is
imposed on the state quantity of the plant is satisfied.
Further, the evaluation function can be solved as an opti-
mization problem without a constraint, and therefore, a
calculation load on the plant control device also can be
reduced by reducing the calculation amount which is applied
to online calculation of the reference governor.

Hereinafter, an outline of a plant control device according
to the present invention to which the above described
evaluation device is applied will be described.

A plant control device according to the present invention
includes a feedback controller and a reference governor. The
feedback controller is configured to determine a control
input of a plant by feedback control so as to bring an output
value of a control amount of the plant close to a target value.
The kind and the configuration of the plant which is a control
target are not limited. However, the plant control device
according to the present invention can be especially prefer-
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ably applied to the plant in which the response characteris-
tics change in response to the operation conditions as in the
internal combustion engine for an automobile. The reference
governor is configured to calculate a future predicted value
of a specific state quantity of the plant by using a model of
a closed loop system including the plant and the feedback
controller, and correct the target value that is given to the
feedback controller based on the predicted value of the
specific state quantity and a constraint that is imposed on the
specific state quantity. In the calculation of the corrected
target value, the reference governor uses the above described
evaluation function. In more detail, the reference governor is
configured to search for an optimal value of the above
described evaluation function while changing the corrected
target value candidate, and determine the corrected target
value candidate which optimizes the evaluation function as
the corrected target value.

As the method for searching for the optimal value of the
evaluation function by the reference governor, repeated
calculation using a steepest descent method is preferable. It
is more preferable that in the repeated calculation using the
steepest descent method, the corrected target value candi-
date is updated with the update amount proportional to the
gradient of the evaluation function, and the proportional
coeflicient which is multiplied by the gradient is decreased
each time a sign of the gradient is inverted.

In a preferable mode of the plant control device according
to the present invention, the plant control device further
includes an observer. The observer is configured to estimate
a state of the closed loop system by using the model of the
closed loop system. In this mode, the reference governor is
configured to calculate an error between the estimated value
of the specific state quantity estimated by the observer and
an actual value of the specific state quantity obtained from
the plant, and correct a value of a constraint that is defined
by the penalty function in accordance with the error.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram showing a target value following
control structure of a plant control device according to
embodiment 1 of the present invention.

FIG. 2A is a diagram showing simulation results of
transient response characteristics obtained in a target value
following control structure as a comparative example.

FIG. 2B is a diagram showing simulation results of
transient response characteristics obtained in a target value
following control structure as a comparative example.

FIG. 3A is a diagram showing simulation results of the
transient response characteristics obtained in the target value
following control structure of the plant control device
according to embodiment 1 of the present invention.

FIG. 3B is a diagram showing simulation results of the
transient response characteristics obtained in the target value
following control structure of the plant control device
according to embodiment 1 of the present invention.

FIG. 3C is a diagram showing simulation results of the
transient response characteristics obtained in the target value
following control structure of the plant control device
according to embodiment 1 of the present invention.

FIG. 4 is a diagram showing a program description of an
optimization algorithm of an evaluation function of the plant
control device according to embodiment 1 of the present
invention.

FIG. 5 is a diagram showing a configuration of an
aftertreatment system of a diesel engine.
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FIG. 6 is a diagram showing heat transfer in a DOC
(Diesel Oxidation Catalyst).

FIG. 7 is a diagram showing heat transfer in a DPF (Diesel
Particulate Filter).

FIG. 8 is a diagram showing an experimental result in a
case of applying the plant control device according to
embodiment 1 of the present invention to control of the
aftertreatment system shown in FIG. 6.

FIG. 9 is a diagram showing a target value following
control structure of a plant control device according to
embodiment 2 of the present invention.

FIG. 10A is a diagram showing examples of control inputs
and control outputs of a diesel engine to which the plant
control device according to the present invention is appli-
cable.

FIG. 10B is a diagram showing examples of control inputs
and control outputs of a diesel engine to which the plant
control device according to the present invention is appli-
cable.

FIG. 10C is a diagram showing examples of control inputs
and control outputs of a diesel engine to which the plant
control device according to the present invention is appli-
cable.

FIG. 10D is a diagram showing examples of control
inputs and control outputs of a diesel engine to which the
plant control device according to the present invention is
applicable.

FIG. 10E is a diagram showing examples of control inputs
and control outputs of a diesel engine to which the plant
control device according to the present invention is appli-
cable.

FIG. 10F is a diagram showing examples of control inputs
and control outputs of a diesel engine to which the plant
control device according to the present invention is appli-
cable.

FIG. 10G is a diagram showing examples of control
inputs and control outputs of a diesel engine to which the
plant control device according to the present invention is
applicable.

FIG. 10H is a diagram showing examples of control
inputs and control outputs of a diesel engine to which the
plant control device according to the present invention is
applicable.

FIG. 101 is a diagram showing examples of control inputs
and control outputs of a diesel engine to which the plant
control device according to the present invention is appli-
cable.

DESCRIPTION OF EMBODIMENTS
Embodiment 1

Hereinafter, embodiment 1 of the present invention will
be described with reference to the drawings.

FIG. 1 shows a target value following control structure of
a plant control device according to the present embodiment.
The present plant control device includes a target value map
(MAP), a reference governor (RG) and a feedback control-
ler. To a plant that is a control target of the present plant
control device, a control input u and an exogenous input d
from the feedback controller are inputted. By these inputs, a
state quantity x and a control output (an output value of a
control amount) y of the plant are determined. In more
detail, the state quantity x and the control output y of the
plant can be expressed by expression (1) as follows. Expres-
sion (1) is a model expression which models the plant. In the
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model expression, f and g represent functions of the model
expression. A subscript k of each symbol represents a
discrete time step.

[Mathematical expression 1]
Fjer 1= (¥ U )
V=g i )

x€R" 1,€R dreR', y,€R 1)

The feedback controller determines the control input u of
the plant by feedback control so as to bring the control
output y of the plant close to a corrected target value w that
is given by the reference governor. The feedback controller
is a proportional integral feedback controller expressed by
expression (2) as follows. In expression (2), K, represents a
proportional gain, and e represents an error. Further, K,
represents an integral gain, and v represents an error inte-
gration value. Note that the proportional integral feedback
controller which is introduced here is only one example of
the feedback controller which can be used in the present
invention. Depending on the response characteristics of the
system desired, a proportional integral and differential con-
troller also can be used.

[Mathematical expression 2]

=K e +Kvy

@
Vi=Vi 1+€x
€ Wik

vieR,e,€R K, K:eR, wieR 2)

The feedback controller and the plant configure a closed
loop system as shown by a broken line frame in FIG. 1. The
reference governor includes a prediction model which is
obtained by modeling the closed loop system. The prediction
model is the model in which the plant model shown by
expression (1) and the feedback controller shown by expres-
sion (2) are joined to each other. To the reference governor,
a target value r of the control amount which is determined
based on the exogenous input d in the target value map is
inputted. Further, to the reference governor, the state quan-
tity x of the plant, the error integration value v which is the
state quantity of the feedback controller and the exogenous
input d are inputted.

The reference governor calculates a prediction value y” of
the control output y of the plant by using the prediction
model. In the present embodiment, the control output y is
one of the state quantities of the plant, and a constraint is
imposed on the control output y. It is the constraint imposed
on the control output y that the control output y is equal to
or smaller than an upper limit value y~. In calculation of the
control output prediction value y”, the corrected target value
w is used in addition to the plant state quantity x, the error
integration value v and the exogenous input d. The reference
governor calculates the corrected target value w by using an
evaluation function which will be described as follows,
based on the control output prediction value y" and the
control output upper limit value y~.

First, a comparative example of the evaluation function
will be described, prior to explanation of the evaluation
function which is adopted in the plant control device accord-
ing to the present embodiment. The evaluation function as a
comparative example is expressed as an optimization prob-
lem with a constraint of selecting the target value which is
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the closest to the original target value r from the corrected
target value candidates w which satisfy the constraint of the
control output y at each time k. More specifically, as
described in expression (3) as follows, over a finite predic-
tion horizon, the corrected target value candidate w with the
distance from the original target value r becoming minimum
within the range in which the above described constraint is
satisfied, that is, the corrected target value candidate w
which minimizes the evaluation function J(w) is searched
for. Subsequently, the optimal solution which is obtained by
solving expression (3) is used as the corrected target value
w, at the time k. Note that y"(k+Ik) expresses the control
output prediction value at the time point of a time k+i based
on information at the time point of the time k. N, represents
the prediction horizon (the number of prediction steps).

[Mathematical expression 3]

min Jow)=|r—w|?

3

subject to Hk+ilk)syVi=1, ... N, 3)

The evaluation function as the comparative example
which is expressed by expression (3) is temporarily applied
to the target value following control structure shown in FIG.
1, and what constraint satisfiability and transient response
characteristics are obtained by a simulation using the plant
model was investigated. In the simulation, two plant models
were used. One is a nominal system, and the other is a
perturbation system in which a dead time and parameter
perturbation are added. The nominal system has a transfer
function which is described in expression (4) as follows, and
the perturbation system has a transfer function described in
expression (5) as follows. In each of the expressions, z
represents a shift operator.

[Mathematical expression 4]

0.3 (€3]
= ———y
Vi =077 k
[Mathematical expression 5]
0.29 ®)

T G— 0D -0T28

In the simulation, the nominal model was dealt as the
plant model for use in the prediction model, and the pertur-
bation model was dealt as an actual plant. Gains of the
feedback controller were set as K,=0.15, and K,=0.03
respectively, and the control output upper limit value y~ was
set at 1.05. Simulation results with respect to the case of
simulating the actual plant by the nominal system and the
case of simulating the actual plant by the perturbation
system are shown in FIGS. 2A and 2B. A graph in FIG. 2A
shows the simulation result of the nominal system, whereas
a graph in FIG. 2B shows the simulation result of the
perturbation system. In each of the graphs, the dotted line
shows the original target value. The original target value is
set at 0 in the case of O<ks<5, and is set at 1 in the case of
k=6. The solid line shows the corrected target value, and the
broken line shows the control output.

From the simulation results shown in FIGS. 2A and 2B,
it is found that when the plant has uncertainty as in FIG. 2B,
the transient response characteristics degrade in the refer-
ence governor to which the evaluation function of the
comparative example is applied, and the constraint is
unlikely to be satisfied. In particular, a drop of the control
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output which occurs in the vicinity of k=35 in the graph FIG.
2B cannot be allowed in the actual plant.

The plant control device according to the present embodi-
ment adopts the evaluation function which can achieve
favorable transient response characteristics while satisfying
a constraint even when the plant has uncertainty. An esti-
mation function J(w) that is expressed by expression (6) as
follows is the evaluation function adopted in the plant
control device according to the present embodiment.

[Mathematical expression 6]

Ny

T00) = llrc =Wl + p ) maxt3(k + i1 k) = (7 = 5y, 0}
i=1

©

The first term on the right side of the evaluation function
J(w) shown in expression (6) is an objective function with
the corrected target value candidate w as a variable. The
objective function is configured so that the smaller the
distance between the original target value r and the corrected
target value candidate w is the smaller value the objective
function takes. The second term on the right side of the
evaluation function J(w) is a penalty function. The penalty
function is configured to add a penalty to the objective
function when the control output prediction value y~ con-
flicts with the constraint. In the penalty function, a weighting
constant p for weighting the penalty, and an offset constant
d for widening the constraint region by taking a margin from
the control output upper limit value y~ are set. According to
the penalty function, when the control output prediction
value y” is equal to or larger than the difference between the
control output upper limit value y~ which is the constraint
and the offset constant 9, a value obtained by multiplying the
difference between the control output prediction value y~
and the constraint by the weighting constant p is added to the
objective function. In the plant control device according to
the present embodiment, the corrected target value candidate
w which makes the evaluation function J(w) shown in
expression (6) minimum is used as the corrected target value
w, at the time k. Note that the evaluation function J(w)
shown in expression (6) can be solved as an optimization
problem without a constraint.

Effectiveness of the evaluation function J(w) expressed by
expression (6) is confirmed by a simulation using the
reference governor in which the evaluation function J(w) is
implemented. In the simulation, an actual plant was simu-
lated by the perturbation model used in the comparative
example. The simulation results are shown in FIGS. 3A, 3B,
and 3C. A graph in FIG. 3A shows the simulation result in
the case of setting the weighting constant p at 0.1, a graph
in FIG. 3B shows the simulation result in the case of setting
the weighting constant p at 10, and a graph in FIG. 3C shows
the simulation result in the case of setting the weighting
constant p at 100. As matters common to the respective
simulation results, the gain and the control output upper
limit value y~ of the feedback controller were set as the same
as in the case of the comparative example, and the offset
constant d was set at 0.05. Further, in each of the graphs, the
dotted line shows the original target value. The original
target value is set as zero in the case of O<ks<5, and is set as
one in the case of k=6. The solid line shows the corrected
target value, and the broken line shows the control output.

From the simulation results shown in FIGS. 3A, 3B, and
3C, it has been confirmed that according to the evaluation
function J(w) expressed by expression (6), favorable tran-
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sient response characteristics can be obtained even when the
plant has uncertainty. This becomes more obvious by com-
parison with the simulation result according to the compara-
tive example shown in FIGS. 2A and 2B. Further, from
comparison of the three simulation results of FIGS. 3A, 3B,
and 3C, it has been found that the waveform of the control
output at the time of transient response can be shaped by
adjustment of the weighting constant p, and the larger the
weighting constant p is, the more favorable transient
response characteristics are obtained. Note that though in the
simulation of this time, the offset constant 8 is not changed,
the waveform of the control output at the time of transient
response can be also shaped by adjusting the offset constant
3.

Incidentally, when the target value following control
structure using the reference governor is applied to the
actual plant, the evaluation function J(w) is desirably
enabled to be optimized online. However, for the purpose of
online optimization of the evaluation function I(w), the
following items need to be calculated.

(1) Calculation of a prediction string y"(k+ilk), i=1, 2, . .
. s N, using the prediction model with respect to the
corrected target value candidate w

(i1) Calculation of the evaluation function J(w)

(iii1) Search for a minimum value of the evaluation func-

tion J(w)

Item (i) can be realized by performing repeated calcula-
tion of the closed loop system with the state x(k) at each time
k as an initial value. Item (ii) can be also achieved if the state
obtained in item (i) and the future prediction of the output
are available. In regard with item (iii), in order to enable
application to the plant the characteristics of which signifi-
cantly change in response to the operation conditions, a
minimum value searching method which can perform online
search, and enables real-time implementation has to be
selected. In the plant control device according to the present
embodiment, as the method for searching for the minimum
value of the evaluation function J(w), a steepest descent
method which is a known method is adopted.

FIG. 4 is a diagram showing program description of an
optimization algorithm of the evaluation function J(w)
which is adopted in the present embodiment. As is described
in the third line of the program shown in FIG. 4, when the
steepest descent method is applied to the online optimization
of the evaluation function J(w), a gradient V of the evalu-
ation function J(w) is approximated by expression (7) as
follows. In expression (7), w,_,,; represents the corrected
target value candidate, and A, represents a predetermined
very small value. The gradient V which is calculated by
expression (7) expresses a gradient in the vicinity of the
corrected target value candidate W_,, By using the
approximate expression like this, direct calculation of the
gradient by differentiation and partial differentiation can be
made unnecessary.

[Mathematical expression 7]

I Woand + Drer) = I Weand = Brer) @

2Arer

v

In the program shown in FIG. 4, ¢ denotes a proportional
coeflicient for searching for the corrected target value can-
didate W_,,,; proportionally to the gradient V of the evalu-
ation function. A value ¢V that is obtained by multiplying
the gradient V by the proportional coefficient ¢ is an update
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amount until a corrected target value candidate of the next
time from the present corrected target value candidate. The
closer the corrected target value candidate w,_,,; is to the
optimal value, the closer a value of the gradient V is to zero.
In a process thereof, a sign of the gradient V is inverted each
time the corrected target value candidate w,_,,, passes the
optimal value. In the program shown in FIG. 4, as described
in lines 5 to 6 in the program, the value of the proportional
coeflicient ¢ is reduced to half each time the sign of the
gradient V of this time is inverted from the sign of the
gradient V., of the previous time. That is to say, each time
the sign of the gradient V is inverted, the update amount of
the corrected target value candidate w,_,,,, is reduced. By
performing the processing like this, repetition of search in
the vicinity of the optimal corrected target value is reduced,
and convergence of calculation can be quickened while
hunting of search is prevented.

Next, a specific example of the plant control device
according to the present embodiment will be described. In
the present example, the plant control device according to
the present embodiment is configured as a control device for
an aftertreatment system of a diesel engine. The aftertreat-
ment system of the diesel engine is a plant in which the
characteristics change in response to the operation condi-
tions, and is one of especially preferable plants as the control
target of the plant control device according to the present
invention.

FIG. 5 is a schematic diagram showing a configuration of
the aftertreatment system of a diesel engine. The aftertreat-
ment system includes a DOC (Diesel Oxidation Catalyst)
and a DPF (Diesel Particulate Filter). A temperature sensor
for measuring an inlet temperature of the DOC is mounted
upstream of the DOC in an exhaust passage and downstream
of a turbine of a supercharger. A temperature sensor for
measuring an outlet temperature of the DOC is mounted
between the DOC and the DPF. A temperature sensor for
measuring an outlet temperature of the DPF is mounted
downstream of the DPF.

The aftertreatment system shown in FIG. 5 includes a fuel
addition valve in an exhaust port of a cylinder head, as an
actuator for temperature control thereof. When fuel is intro-
duced into the catalyst from the fuel addition valve, a
chemical reaction occurs, whereby a catalyst temperature
increases. Upper limit temperatures that are allowable are
present in both of the DOC and the DPF, and the upper limit
temperatures are constraints in the temperature control of the
aftertreatment system. In the present example, temperature
models were prepared for the DOC and the DPR respec-
tively, and future prediction by the reference governor was
performed by using the temperature models.

FIG. 6 is a schematic diagram showing heat transfer in the
DOC. InFIG. 6, Q;,. 4, represents a heat transfer coefficient
to air from the DOC, Q,,, 4. represents exoergic reaction
heat, and Q,,;, 4. is a heat transfer coeflicient to an exhaust
gas from the DOC. From the drawing, a differential equation
concerning a DOC temperature T . shown in expression (8)
as follows can be obtained. In expression (8), C,, . represents
a specific heat capacity of the DOC, and M, represents a
mass of the DOC.

[Mathematical expression 8]

ATawc 1
dt

®

[Qexo.doc — Qairdoc = Lexhdoc]

CaocM doc
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Expression (8) can be expressed as in expression (9) as
follows. In expression (9), Q... 7(Q,,»14.) means that
Qexo,40c 18 @ Tunction of a fuel addition amount Q,,; and a
DOC temperature T ;.. A heat transfer constant from outside
air is denoted by K ,,,, T,,,, represents an outside air tem-
perature, h ;. represents a convective heat transfer constant
between the DOC and an exhaust gas, A, . represents a
convection surface area of the DOC, W represents a mass
flow rate of the exhaust gas, C,,, represents a specific heat
capacity of the exhaust gas, T, . represents an exhaust gas
temperature upstream of the DOC, and R, represents a
temperature weighting constant of the DOC. In the present
example, the differential equation concerning the DOC
temperature T, . expressed by expression (9) is prepared as
the temperature model of the DOC.

[Mathematical expression 9]

AT
dt

)

1 Ng exhdo
Tt | Qerostoc Qs Tae) = Kaan (T = Tam) = DZﬁ

No,extdoc = HaocAdoc WCgas(Toe = Taoc,us)
Do exndoc = WCigas + (1 = Rape Ydoc Adoc

FIG. 7 is a schematic diagram showing heat transfer in the
DPF. In FIG. 7, Q,;,.;,-represents a heat transfer coeflicient
to air from the DPF, Q,,, . represents exoergic reaction
heat, and Q,,;, ,,rrepresents a heat transfer coefficient to the
exhaust gas from the DPF. From the drawing, a differential
equation concerning a DPF temperature T, shown in
expression (10) as follows can be obtained. In expression
(10), C,, represents a specific heat capacity of the DPF, and
M, represents a mass of the DPF.

[Mathematical expression 10]

ATy 1 (10)

3 - m [Qexodpr — Qairdpr — Qexhdpr]

Expression (10) can be expressed as in expression (11) as
follows. In expres;ion (11)., QeroranfWs m0 Qps T
means that Q,,, ,,is a function of a mass flow rate W of the
exhaust gas, a mass m,,, of particulate, the fuel addition
amount Q,,,; and a DPF temperature T, . A convective heat
transfer constant between the DPF and the exhaust gas is
denoted by h,, 5 A, -represents a convection sul.’fac? area of
the DPF, and R, represents a temperature weighting con-
stant of the DPE. In the present example, the differential
equation concerning the DPF temperature T ,,-expressed by
expression (11) is prepared as the temperature model of the
DPF.

[Mathematical expression 11]

ATy 1 an
dt " CayMay
No exhdpf
Qexodor W Mpms Qi Tapr) — Kaom(Tapr — Tam) — Do
0.exhdpf

Noextdpf = Hapr Adpr WC gas X [WCoas(Tapr — Taocus) +
haoc Adoc(Tapsr = Tdoc) + Raochdoc Adoc(Taoe,us = Tapf)]
D exindpf = (WCias + (1 = Rupc)docAdoc W Ceas + (1 = Rapp Yigpr Adpr)
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By combining expression (9) and expression (11), a state
space model expressed by expression (12) as follows can be
obtained. In the state space model, the DOC temperature
T 4o and the DPF temperature T, -are state quantities X,, of
the system, and respectively have upper limit constraints.
Further, the mass flow rate W of the exhaust gas, the outside
air temperature T, the mass m,,, of particulate and the
exhaust gas temperature T, . upstream of the DOC are
exogenous inputs d which are inputted to the system. The
control input u of the system in the state space model is the
fuel addition amount Q,,,;, and the control output y of the
system is the DPF temperature T,,. In the reference gov-
ernor according to the present example, the state space
model expressed by expression (12) is used as the model of
the aftertreatment system.

[Mathematical expression 12]
% o Xpthd)

y=T dpf

2,= [T T gppe] "eR2,u=0,,€R,

A=W s Ltocs) €R", yeR

In the present example, in order to confirm effectiveness
of application of the present invention to the temperature
control of the aftertreatment system, an experiment using an
actual machine was performed.

In the experiment in the present example, an automobile
including a four-cylinder diesel engine of two liters
equipped with an aftertreatment system having a DOC and
a DPF was used. The algorithm of the reference governor
was implemented in a rapid prototype controller, and the fuel
addition amount signal of the on-vehicle controller was
overwritten in accordance with the calculation result. In the
reference governor, a sampling time of the plant model was
set at five seconds, and the prediction horizon N, was set at
24, whereby the future of 120 seconds was predicted.

FIG. 8 shows the experimental result in the present
example. A first graph from the top in FIG. 8 shows a
temporal change of a vehicle speed. A second graph shows
a temporal change of the DOC temperature. A third graph
shows a temporal change of the DPF temperature. A fourth
graph shows temporal changes of the original target value
and the corrected target value. A fifth graph shows a tem-
poral change of the fuel addition amount. In the third, fourth
and fifth graphs, the curved lines drawn in the solid lines
show the control results according to the present example,
that is, the control results obtained by applying the afore-
mentioned reference governor to the feedback controller.
Meanwhile, the curved lines drawn in the broken lines show
comparative examples, and show control results obtained by
only the feedback controller without performing correction
of the target values by the reference governor. In the
experiment, the original target value of the DPF temperature
was set at 630° C., and the upper limit temperatures which
were the constraints with respect to the DOC temperature
and the DPF temperature were set at 680° C.

From FIG. 8, it is found that in the control using the
reference governor, the behavior which satisfies the tem-
perature constraints on the DOC and the DPF can be
realized, and a variation of the temperature is small, irre-
spective of a large change in the exogenous input accom-
panying with the change in the mass flow rate of the exhaust
gas. From the control result, it has been able to be confirmed
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that application of the present invention to the temperature
control of the aftertreatment system is effective.

Embodiment 2

Next, embodiment 2 of the present invention will be
described with reference to the drawings.

FIG. 9 is a diagram showing a target value following
control structure of a plant control device according to the
present embodiment. The present plant control device
includes a target value map (MAP), a reference governor
(RG), a closed loop system and an observer. The closed loop
system is configured by a feedback controller and a plant
which is a control target, as described in embodiment 1. To
the closed loop system, the corrected target value w from the
reference governor and the exogenous input d are inputted.
By these inputs, the state quantity x and the control output
y of the closed loop system are determined. In more detail,
the state quantity x and the control output y can be expressed
by expression (13) as follows. Expression (13) is a model
expression which is obtained by modeling the closed loop
system. The reference governor uses a model expressed by
expression (13) as a prediction model.

[Mathematical expression 13]
Tt S50 Wi d)

(13)

The observer is configured to estimate a state of the closed
loop system by using the model of the closed loop system.
In more detail, an estimated value X" of the state quantity x
calculated by the observer and an estimated value y~ of the
control output y can be expressed by expression (14) as
follows. Expression (14) is a model expression of the model
used by the observer. Functions f and g are equal to those of
the prediction model used by the reference governor. An
observer gain is denoted by L, and is multiplied by an error
between the control output y and the control output esti-
mated value y".

V=85 W)

[Mathematical expression 14]
Fr1 S W d)+L (P2
5=8& wWidy) 14

In the target value following control structure of the plant
control device according to the present embodiment, the
difference between the actual control output y of the plant
and the control output estimated value y” estimated by the
observer is calculated as an output estimated error e,. The
calculation can be performed by the reference governor. The
output estimated error e, expresses presence or absence and
a magnitude of a modeling error. When the modeling error
is present, the output estimated error e, does not become
Zero.

The modeling error influences determination of conflict
with a constraint by the evaluation function J(w). In deter-
mination of conflict with a constraint, a control output
predicted value predicted in the model is used, and therefore,
when the modeling error is large, there is a possibility of the
actual control output to conflict with a constraint, even if the
control output predicted value does not conflict with the
constraint. If the influence which the modeling error has on
the satisfiability of the constraint is considered, the range of
the constraint is desirably enlarged in the determination of
conflict with the constraint by the evaluation function J(w),
in the region where the modeling error is large.
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The evaluation function J(w) which is used by the refer-
ence governor in the present embodiment is the evaluation
function J(w) expressed by expression (6) similarly to the
case of embodiment 1. With this evaluation function J(w),
the range of the constraint can be changed by changing the
value of the offset constant 8 in the penalty function of the
second term on the right side. Thus, in the present embodi-
ment, design of the reference governor is performed to
change the offset constant § of the evaluation function J(w)
proportionally to the output estimated error e,.. According to
this, in the region where the modeling error is large, the
constraint region can be enlarged by taking a large margin
from the control output upper limit value y~, and therefore,
satisfiability of the constraint can be prevented from being
reduced due to the modeling error.

Others

The present invention is not limited to the aforementioned
embodiments, and can be carried out by being variously
modified within the range without departing from the gist of
the present invention.

In the aforementioned example, the plant control device
according to embodiment 1 was applied to the aftertreatment
system of a diesel engine. However, the control target plant
of the plant control device according to embodiment 1 can
be made a diesel engine main body (DE) as shown in FIG.
10A to FIG. 101. The same applies to the plant control device
according to embodiment 2.

When the control target plant is a diesel engine main body,
a control input can be made a variable nozzle opening degree
(VN opening degree) and a control output can be made a
supercharging pressure as shown in FIG. 10A. That is to say,
the present invention can be applied to supercharging pres-
sure control of the diesel engine. In this case, as shown in
FIG. 10B, the control inputs also can be made a variable
nozzle opening degree and a diesel throttle opening degree
(D opening degree).

Further, as shown in FIG. 10C, the control input can be
made an EGR valve opening degree, and the control output
can be made an EGR rate. That is to say, the present
invention can be applied to EGR control of a diesel engine.
In this case, as shown in FIG. 10D, the control input can be
made the EGR valve opening degree and the diesel throttle
opening degree.

Furthermore, as shown in FIG. 10E, the control inputs can
be made the variable nozzle opening degree, the EGR valve
opening degree and the diesel throttle opening degree, and
the control outputs can be made a supercharging pressure
and the EGR rate. That is to say, the present invention can
be applied to cooperative control of the supercharging
pressure and the EGR rate in a diesel engine.

When the diesel engine of the control target has a low
pressure EGR system and a high pressure EGR system, the
control inputs can be made an EGR valve opening degree of
the low pressure EGR system (LPL-EGR valve opening
degree), and an EGR valve opening degree of the high
pressure EGR system (HPL-EGR valve opening degree), as
shown in FIG. 10F and FIG. 10G. Further, as shown in FIG.
10H and FIG. 101, the control outputs can be made the EGR
amount of the low pressure EGR system (LPL-EGR
amount), and an EGR amount of the high pressure EGR
system (HPL-EGR amount).

Furthermore, the plant to which the plant control device
according to the present invention is applied is not limited to
only a diesel engine. For example, the plant control device
also can be applied to a fuel battery system, besides other
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on-vehicle power plants such as a gasoline engine and a
hybrid system. Furthermore, the plant control device accord-
ing to the present invention can be applied to a wide range
of plants including a stationary plant, if only the plants can
perform control by using reference governors and feedback
controllers.

The invention claimed is:

1. A plant control device, comprising:

a feedback controller that determines a control input of a
plant by feedback control so as to bring an output value
of a control amount of the plant close to a target value;
and

a reference governor

wherein the reference governor is configured to:

search for a corrected target value candidate that mini-
mizes an evaluation function by repeating a first cal-
culation and a second calculation several times while
changing the corrected target value candidate; and

determine the corrected target value candidate that mini-
mizes the evaluation function as a corrected target
value to be given to the feedback controller,

wherein the first calculation is to calculate, by using a
prediction model which is obtained by modeling a
closed loop system including the plant and the feedback
controller, a future predicted value of a specific state
quantity of the plant based on a state quantity of the
plant at a current time, an error integration value of the
feedback controller at the current time, an exogenous
input at the current time, and the corrected target value
candidate, and

the second calculation is to calculate the evaluation func-
tion that is expressed by an objective function that is
expressed by a distance between the target value and
the corrected target value candidate, and a penalty
function that is configured to add to the objective
function a penalty corresponding to a difference
between the future predicted value and a constraint that
is imposed on the specific state quantity when the
future predicted value conflicts with the constraint.

2. The plant control device according to claim 1,

wherein the reference governor searches for the corrected
target value candidate that minimizes the evaluation
function by updating the corrected target value candi-
date with an update amount proportional to a gradient
of the evaluation function according to a steepest
descent method.

3. The plant control device according to claim 2,

wherein the reference governor updates the corrected
target value candidate by an update amount propor-
tional to a gradient of the evaluation function, and
decreases a proportional coefficient which is multiplied
by the gradient each time a sign of the gradient is
inverted.

4. The plant control device according to claim 1, further

comprising:

an observer that estimates a state of the closed loop
system by using the model of the closed loop system,

wherein the reference governor corrects a value of a
constraint that is defined by the penalty function in
accordance with an error between an estimated value of
the specific state quantity estimated by the observer and
an actual value of the specific state quantity obtained
from the plant.



